Introduction {#s1}
============

A large proportion of the precipitation falling into a forest ecosystem is returned to the atmosphere via evapotranspiration of trees and soils. The remainder eventually flows into streams and recharges groundwater. The returns can be divided into transpiration and evaporation, where transpiration refers to the uptake and loss of water from the interiors of plants and evaporation refers to all the rest, including evaporation from soils and plant surfaces (Jarvis and McNaughton, [@B25]). Finally, the responses to environmental conditions differ qualitatively and quantitatively between transpiration and evaporation; a satisfactory mechanistic description would therefore include separate controls over each component. Although hydrologists have traditionally lumped transpiration with evaporation, they show increasing interest in measuring and modeling the isolated fluxes (Jasechko et al., [@B26]; Evaristo et al., [@B16]; Dubbert and Werner, [@B14]). In contrast, ecophysiologists have long been interested in describing transpiration, in part because it links the carbon and water budgets of plants (Granier, [@B21]; Barr et al., [@B3]; Dubbert et al., [@B12]; Poyatos et al., [@B42]).

The transpiration flux can be distinguished from other evaporative fluxes by its unique stable-isotopic signature (e.g., Yakir and da Sternberg, [@B62]). In general, evaporating water undergoes two fractionations (Dongmann et al., [@B11]). The first, termed the equilibrium fractionation, is associated with the phase change, where the lighter isotope moves into the vapor phase somewhat more rapidly than the heavier one. The second fractionation occurs as the water vapor diffuses away from the evaporating surface. Termed the kinetic fractionation, it likewise favors the lighter isotope. Integrated over longer time intervals (\>days), the isotopic signature of transpired water vapor occurs at steady-state, which means that the isotopic signature is equal to its water source and also equal to the signature of water transported in the xylem. This makes it easily distinguishable from strongly depleted soil evaporation (e.g., Dubbert et al., [@B12]). However, environmental conditions change so quickly that transpiration at isotopic steady-state is disrupted frequently over the diurnal course and environmentally stable periods are too short for leaves to return to isotopic steady-state (e.g., Simonin et al., [@B48]; Dubbert et al., [@B13]). Consequently, the isotopic signature of transpired water vapor follows a distinct diurnal pattern, being most depleted compared to source water during the morning hours, approaching isotopic steady-state throughout the day and being strongly enriched compared to its water source during night (e.g., Dubbert et al., [@B13]).

The source for transpired water is the water taken up by the roots and transported through the tree xylem. In contrast to the strong fractionation that occurs during transpiration, xylem water is generally taken up and transported without fractionation (Wershaw et al., [@B57]), though a growing number of exceptions are reported (Lin and Sternberg, [@B29]; Ellsworth and Williams, [@B15]; Vargas et al., [@B53]; Barbeta et al., [@B2]; Poca et al., [@B41]). One might expect that the xylem water would be identical to precipitation, but precipitation varies over the year, creating depth profiles in the soil. Moreover, many trees have access to groundwater, which may originate elsewhere (Busch et al., [@B8]; Beyer et al., [@B4]). Hence, xylem water isotopic composition is of particular interest for root water uptake studies (Schulze et al., [@B47]; Moreira et al., [@B33]; Kulmatiski et al., [@B28]; Rothfuss and Javaux, [@B45]) and when investigating hydraulic redistribution (Priyadarshini et al., [@B43]; Rothfuss and Javaux, [@B45]; Sprenger et al., [@B50]). Partitioning of evapotranspiration into its evaporation and transpiration components requires knowledge of the isotopic composition of the two components. Transpiration has been measured by collecting water that evaporates directly from the leaves, both as condensate in bags (Beyer et al., [@B5]) and as water vapor in chamber outflows (Haverd et al., [@B22]). In addition, one can also derive the isotopic signature of transpired vapor, either by assuming isotopic steady state (xylem water = transpired water vapor isotopic signature) or modeling transpired water vapor isotopic signature allowing for isotopic non-steady state (e.g., Dongmann et al., [@B11]; Cuntz et al., [@B10]; Farquhar et al., [@B17]).

There is a long tradition of describing the isotopic composition of xylem water via cryogenic distillation of the water held in plant xylem (White et al., [@B60]; Flanagan et al., [@B18]). The prerequisite for this method is the completeness of the extraction, which minimizes opportunities for isotopic fractionation between the original sample water and the resulting collected water. However, the approach has several weaknesses. First, it simultaneously distills other volatile organic compounds, especially from leaves (Martín-Gómez et al., [@B32]). These organic compounds are of little concern if the samples are analyzed by IRMS, but they are problematic in analyses using laser-based absorption techniques (West et al., [@B58], [@B59]). The isotopolog-specific water peaks may be interfered with, especially by alcohol peaks. A second problem is that cryogenic extraction may extract water that is not moving in the xylem, for example water held in cell walls (Barbeta et al., [@B1]) and heartwood (White et al., [@B60]; Busch et al., [@B8]). In these cases, it would not represent the correct uptake source. At best, cryogenic extraction is laborious, slow, and can only represent a point in time (Koeniger et al., [@B27]). Other methods have been used for extracting soil water (Sprenger et al., [@B50]), but many of these are ineffective at the low water potentials typical of plant xylem.

When laser-based systems appeared on the market, it became possible to monitor the isotopic composition of water vapor continuously. It was soon recognized that this not only allowed for direct measurements of the isotopic signal of ambient, transpired and evaporated water vapor but also the continuous measurement of liquid water in soils and stems. This can be done by calculating the liquid isotopic composition from vapor phase values assuming equilibrium fractionation (Majoube, [@B30]) and requires recording temperature and a means of preventing condensation between the equilibration site and the instrument. This led first to several devices for *in situ* studies of soil water isotopes (Herbstritt et al., [@B23]; Soderberg et al., [@B49]; Rothfuss et al., [@B46]; Volkmann and Weiler, [@B55]), and then to a modification for tree xylem (Volkmann et al., [@B54]). The xylem system was able to detect unequivocally the arrival of a tracer pulse in the xylem water. However, it had difficulty matching the predicted isotopic composition of δ^18^O at natural abundance. It was inspiring as proof-of-concept, but it was worrisome for its complexity and the unexplained offset in the δ^18^O data.

We supposed that the problem might be simplified if only the liquid water in the xylem would continue to evaporate into a flowing airstream that passed through the stem of the tree. The isotopic effects might be particularly simple if we could ensure that the airstream reached isotopic equilibrium with the xylem water as it passed through the stem ([Figure 1](#F1){ref-type="fig"}). To test this idea, we conducted two experiments and developed a model describing the isotopic equilibration of borehole vapor with liquid xylem water. The experiments tested whether the method was capable of returning the expected values. The model tested different assumptions about the physical processes behind the method and was used to explore its practical limits.

![Conceptual diagram of stem borehole technique for measuring xylem water stable isotopic composition by equilibration.](fpls-11-00358-g0001){#F1}

Methods and Materials {#s2}
=====================

Cut-Stem Greenhouse Experiment
------------------------------

A preliminary test of the technique was conducted in a greenhouse at the Swedish University of Agricultural Sciences (SLU) in Umeå, Sweden in March, 2014. This experiment was artificial in the sense that a cut stem is unnatural, however, the power of an experiment is always that it controls some sources of variation. In this case, it allowed us to provide a known water source directly into the xylem at a precisely known point in time and at a precisely known distance from the borehole. A field-grown Scots pine (*Pinus sylvestris* L.) tree was cut near Vindeln, in northern Sweden. In the glasshouse it was recut underwater (to avoid cavitation) and, with the crown intact, the cut end was placed several centimeters below the water surface in a bucket containing liquid water of known isotopic composition. The water sources were exchanged for the next several days while the stems transpired and sucked the water up into the xylem. A borehole 6 mm in diameter was drilled through the stem \~30 cm vertically from the cut end, where the tree diameter was 12 cm. The borehole was rinsed with acetone to reduce pitch production from the resin canals inside. Because the acetone is both volatile and soluble in water, it was rapidly removed from the system. Apart from removing and blocking pitch production, it had no other obvious effects on the tree. The borehole was then plumbed into a Picarro L2130-i cavity ring-down absorption spectrometer (CRDAS) by screwing the pipe threads of a Swagelok connector into the borehole and attaching FEP Teflon tubing of 6 mm outside diameter (Swagelok, Solon, OH, USA) to the other side. The CRDAS analyzed the concentration and isotopic composition of water vapor in the air that had passed through the borehole. It was calibrated against known liquid water standards injected to the evaporator system at the beginning and end of the experiment. A copper-constantan thermocouple was inserted through the tubing and the fitting and placed in contact with the xylem inside the borehole, monitoring xylem temperature continuously throughout the experiment, recorded by a datalogger (CR10X, Campbell Scientific, Logan, USA).

As noted above, the water in the bucket was replaced approximately daily with water of a different isotopic composition to create cycles in the isotopic composition of the xylem water. The deionized Umeå tap water source had δ^2^H = −177 to −181 %0 and δ^18^O of −22.1 to −22.9 %0. This can be considered the control. The enriched source had δ^2^H −93.5 %0 and δ^18^O +8.1 %0; it was produced by evaporating deionized Umeå tap water to approximately 3% of its original volume. The bucket water was analyzed on an IRMS (Thermo-Finnigan details, SLU stable isotope lab, Umeå, Sweden) to check its composition at the end of each cycle. Sample lines were removed from the tree whenever condensation was visible, which occurred only in the morning when greenhouse temperatures were coolest. In this case, the lines were dried with air drawn through a tube filled with drying agent until the CRDAS water-vapor concentration and isotopic composition indicated that condensed water had completely evaporated.

The mean arrival time of the label was estimated from the midpoint of the breakthrough curves. The midpoint was calculated as the mean of the steady-state values at the beginning and end of the cycle. This analysis was done on the first cycle because it was the only one that occurred entirely in daylight, meaning that transpiration continuously moved the water up the stem during the breakthrough period. The other cycles included periods of twilight or darkness and so presumably delayed the arrival of the label. The arrival time was compared to estimates of sap flow velocity for Scots pine trees in the field and from the same area. It is unfortunate that we neglected to measure the water uptake rates directly from the buckets; this limitation partially motivated the second experiment.

Intact-Root Greenhouse Experiment
---------------------------------

The second greenhouse experiment was conducted in the Institute for Ecosystem Physiology, Freiburg, Germany in November and December 2018. One pine tree (*Pinus pinea* L.) was placed in a large pot under artificial light (12 h light, 12 h dark, switching on automatically at 07:00 o\'clock). Two stem boreholes, positioned in parallel, were drilled through the trunk at 15 and 65 cm stem height, respectively. The boreholes were 10 mm in diameter and passed through the entire stem. Trunk diameter was 9.9 cm at the lower borehole and 8 cm at the upper one. Boreholes were flushed, as in the first experiment, with Acetone (Rotipuran, ≥ 99.8%, Carl Roth, Germany). Commercially available Swagelok connectors were then inserted at both sides of each borehole and PTFE tubing was attached.

Measurements in different boreholes as well as a control water vapor standard and a flushing line were combined in one automatic system. Automatic switching between individual measurements was realized with solenoid magnetic valves (2-Way Elec. Valve, EC-2-12, Clippard Minimatic, USA). For each measurement, a pair of valves (one at the inflow, one at the outflow) was opened and 80 mL min^−1^ of dry air, regulated via a mass flow controller (FC 260, Tylan General TCA GmbH, Germany), was pushed through the selected borehole or flow path. Water vapor was exchanged at areas with contact to liquid water and sampled gas was directed into a cavity ring-down spectroscopy analyzer (L2130-I, Picarro Inc., USA) to determine its water vapor isotopic composition. [Figure 2](#F2){ref-type="fig"} shows a schematic drawing of the experimental setup.

![Schematic of the setup for measuring water stable isotopes in tree xylem *in situ* in the Freiburg experiment.](fpls-11-00358-g0002){#F2}

In this experiment, we submerged intact tree roots in water of known isotopic composition (δ^18^O = −8.43 ± 0.05 %0, δ^2^H = −59.28 ± 0.24 %0). We included the roots in this second experiment out of concern for the impact of soil evaporation and potential isotopic fractionation due to the soil matrix (Orlowski et al., [@B37], [@B38]; Gaj et al., [@B20]), which might therefore cause isotopic heterogeneity across the root system. This also had the advantage of enabling regular, uncomplicated sampling of the tree\'s source water. To avoid anoxic conditions, the water was well aerated using mini-pumps. On 21 November we changed the tree\'s source water to ^2^H~2~O labeled water (δ^18^O = −9.22 ± 0.19 %0, δ^2^H = +297.57 ± 3.08 %0) and monitored the subsequent change of the isotopic composition in the tree xylem at high time resolution. Weekly refilling to replace transpired water impacted source water isotopic composition. Samples were collected before and after each refilling. The isotopic composition of source water samples was measured with the same laser used for *in situ* measurements but using a vaporizer and switching the measurement mode to liquid injections.

Temperature and relative humidity (RH) of ambient air were recorded every 30 min (OM-EL-USB-2-PLUS, Omega Engineering Inc., United States, accuracy: RH: 2%, T: 0.3°C). Sap flow velocity was estimated with a sap flow sensor (heat pulse velocity sensor, Edaphic Scientific, Australia), installed 20 cm above and perpendicular to the upper borehole. After installation the sensor was thermally insulated. A baseline value for a sap flow velocity of 0 was determined after the experiment by inserting the sensor into a tree without leaves. For calculating sap flow velocities the method described in Hogg et al. ([@B24]) was used.

Data Processing
---------------

Individual measurements lasted for 15 min and were preceded by a 5 min period of flushing the valve system with dry air. This on the one hand removed water vapor of the previous measurement from the tubing, while on the other hand allowed for detection and (to some extent) removal of condensed water. Mean values for each measurement were calculated over the last 3 min of each cycle, when values of measured water vapor and isotopic composition were stable. Data points with a standard deviation greater than 0.5 %0 and 1.5 %0 for δ^18^O and δ^2^H raw values, respectively, were excluded from the data set. This was true for 2.4% of all measurements. On average boreholes were sampled every 3 h.

Temperature (*T*, °C) was recorded every minute with Type-T thermocouples (copper-constantan) in the bottom borehole and used to calculate equilibrium fractionation (Majoube ([@B30]), as well as saturation vapor pressure inside the borehole (Murray, [@B35]). The water vapor concentration measured by the cavity-ringdown spectrometer was then compared to the saturated specific humidity at stem temperature *T* to obtain an estimate of relative humidity in the borehole. The relative humidity was used to assess whether full saturation with water vapor was achieved inside the borehole, indicating whether the assumption of equilibrium conditions inside the borehole was valid. It also revealed potential condensation under the given environmental conditions. Ideally, relative humidity *h* should approach 1.0. We arbitrarily chose an *h* of 0.8 as an indication that the dry air pushed into the borehole did not approach saturation. Data points with relative humidity below 0.8 were therefore excluded from the final, processed data set. Thus, excluded were 0.7 and 2.4% of the measurements from the bottom and top borehole, respectively.

Standardization of isotope measurements was done by manually sampling the headspace in four water vapor standards, once per day in the morning. The standards were held in airtight coffee bags (WEBAbag CB400-420BRZ, Weber Packaging GmbH, Germany) each filled with 50 ml of isotopically distinct water with −14.9, −9.4, 3.4 and −9.2 %0 δ^18^O and −110.8, −66.3, 3.8 and 367.7 %0 δ^2^H, for light, medium, heavy, and label standard, respectively, and inflated with dry air. After each sampling, bags were refilled with dry air and kept in an insulated box, in which temperature was recorded throughout the day. Analogously to borehole measurements, liquid isotopic compositions were calculated from measured vapor values and *T*, assuming thermodynamic equilibrium. For quality control, a water vapor standard in an airtight glass container (Duran 1,000 ml, Schott AG, Germany) was integrated into the system and its headspace was automatically sampled (every 2--3 h). After processing collected data in the same way as the other measurements, derived isotopic compositions were 0.61 and 1.12 %0 lighter compared to reference values of liquid water inside the bottle for δ^18^O and δ^2^H, respectively.

Model Description
-----------------

The model describes the isotopic composition of water vapor in air as it leaves the borehole and flows toward the isotope analyzer. It describes air flowing through a borehole of radius *r* in a tree stem of diameter *l*. The air inside the borehole of Volume *V* = π*r*^2^*l* is turned over once after the time *t*~u~ = *V*/*u*~*o*~. If the flow rate *u*~o~ is given in mol/s, then *V* has to be divided by the molar volume *V*~1mol~ = 22.414/1000·*T*/*T*~0~·*p*~0~/*p* to give $\widetilde{V}$ = *V*/*V*~1mol~, with standard temperature *T*~0~ = 273.15 K and standard pressure *p*~0~ = 101 325 Pa.

We want to estimate whether this turnover time *t*~u~ is sufficient to allow full equilibration of incoming air with the water around the borehole walls. If the airflow is laminar, air is transported by molecular diffusion from the airstream to and from the borehole walls. The maximum diffusion time *t*~*d*~ is hence:
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By comparing *t*~*u*~ and *t*~*d*~, we can get an indication of whether the passage of air through the borehole is sufficiently slow to allow diffusion, which requires time *t*~*d*~, to occur into the central air stream before the air stream leaves the borehole, which requires time *t*~*u*~. Ideally, *t*~*u*~ would be much greater than *t*~*d*~.

### Total Water Vapor in the Borehole

We next sought to determine whether the borehole water vapor concentration would reach saturation before leaving the borehole. We note that air enters the borehole with flowrate *u*~*i*~ and mole fraction *w*~*i*~ and leaves the borehole with flowrate *u*~*o*~ and mole fraction *w*~*o*~. If *u*~*o*~ is measured on moist air, then the flow rate is the same as the incoming flow rate *u*~*i*~. If *u*~*o*~ is measured on dry air, then the incoming air flow must be corrected by the different vapor mole fractions of incoming and outgoing air: *u*~*i*~ = *u*~*o*~(1--*w*~*o*~)/(1--*w*~*i*~) (von Caemmerer and Farquhar, [@B56]). The change of the mole fraction within the borehole is hence the difference between incoming and outgoing moist air flow plus any evaporation *E* from the borehole surface *A*:
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with $\widetilde{A}$ = *A*/*V*~1mol~. If we assume that the surface of the borehole is not drying out, meaning that water is continuously supplied to the surface, then *E* is the exchange flux between the water vapor partial pressure above the borehole surface at stem temperature *T*~*s*~ and the air stream. The exchange flux happens by molecular diffusion *E* = *D*·*dw*/*dr*, which gives:
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with *w*~*sat*~ = *e*~*sat*~(*T*~*s*~)/*p* and the saturation partial pressure over liquid water *e*~*sat*~. Note that *A*/*r* = 2π*l*., i.e. independent of the radius of the borehole *r*.

If *u*~*i*~ = *u*~*o*~, this gives the non-steady-state development of the water vapor mole fraction within the borehole as:
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with the steady-state mole fraction:
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The steady-state mole fraction in the borehole is hence a weighted mean of the incoming mole fraction and the vapor coming from the borehole surface. Both airflow and diffusion help to reach steady state (Equation 6).

### Isotopic Composition of Total Water Vapor in the Borehole

All mole fractions in Equation (7) carry an isotopic signature. There is a kinetic fractionation α~*k*~ (\>1) during diffusion, but laminar airflow does not fractionate. This leads to the corresponding differential equation for the development of the isotopic composition in the borehole:
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If the isotopic composition of the vapor partial pressure above the borehole surface *R*~*s*~ is in isotopic equilibrium with xylem water *R*~*s*~ = *R*~*x*~/α^+^, and *u*~*i*~ = *u*~*o*~, then the non-steady state development of the isotopic composition of water vapor in the borehole writes equivalent to Equations (5--7):
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with the steady-state mole fraction:
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and the time constant:
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where the index *x* indicates the assumption *R*~*s*~ = *R*~*x*~/α^+^. It can be shown that *t*~*x,\ x*~ ≥ *t*~*w*~ and *t*~*x,\ x*~ = *t*~*w*~ if α~*k*~ = 1. Note that only α~*k*~ = 1 gives a steady-state isotopic composition, which is a simple weighted mean of the isotopic compositions of incoming air and xylem water.

*R*~*s*~ = *R*~*x*~/α^+^ assumes that water at the borehole surface is not changing but staying constant at the isotopic composition of xylem water *R*~*x*~, even when exchanging isotopically with vapor in the borehole. If the borehole is not drying out, there must be a supply of water to the borehole surface. The water at the borehole surface might hence tend to a steady-state isotopic composition, where the evaporated water has the isotopic composition of the supply water, similar to leaf water enrichment (Craig and Gordon, [@B9]). Assuming that supply water has the xylem isotopic composition *R*~*x*~, this means that the last term of Equation (11) is replaced by $\widetilde{A}$*ER*~*x*~ and the steady state composition is:
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with *E* given in Equations (6) and (7), and the index *C* indicating the Craig and Gordon steady-state assumption.

### Water Vapor and Its Isotopic Composition Along the Borehole

The above derivations assume well-mixed borehole air, which is opposite to the idea of laminar flow. There will rather be a progressive development of water vapor saturation and then isotopic equilibrium from the inflow of the borehole to the outflow of the borehole. Each borehole segment passes on water vapor to the next after interacting with the water on the borehole walls. This would lead to a 2D advection-diffusion equation similar to Equation (20) of Ogée et al. ([@B36]). We do not attempt to solve such a partial differential equation here. We rather discretize the borehole in *N* segments along the air flow path, where the outflow of one segment is the inflow of the next segment, i.e. that *w*~*o*~ and *R*~*o*~ of segment *i*−1 is *w*~*i*~ and *R*~*i*~ of segment *i*. Such a procedure approaches the exact solution when using small segments, i.e., large *N*.

We calculate in the following only solutions to the steady-state equations, assuming rather steady conditions of incoming air, i.e., *w*~*i*~ and *R*~*i*~. We note that atmospheric concentrations near a forest floor can change rapidly due to emanation from or exchange with the ground. Such rapid fluctuations can be alleviated using a buffer volume. We hence present the following calculations assuming steady state conditions in vapor isotopic composition in all *N* segments.

We further differentiate three cases:

1.  (3.1) constant isotopic composition of borehole surface water, *R*~*s*~ = *R*~*x*~/α^+^,

2.  (3.2) Craig-Gordon steady state for the water at the borehole surface, *R*~*s*~ = *R*~*C*~/α^+^, where the borehole surface is in steady state with the vapor isotopic composition of the current segment, and

3.  (3.3) a mixture of both, assuming mixing of unenriched xylem water with the evaporating water at the borehole surface, *R*~*s*~ = *f R*~*x*~/α^+^ + (1--*f* )*R*~*C*~/α^+^.

The model cases are used to assess the isotopic composition across a range of conditions. These include variations in flow rate, tree diameter, incoming water vapor concentrations, and fractional mixing of xylem water with water in isotopic equilibrium with borehole vapor.

Results {#s3}
=======

Cut-Stem Greenhouse Experiment
------------------------------

When the label was taken up by a cut stem, the asymptotic values at the end of each labeling cycle confirmed that the measured isotopic composition matched the expected values well ([Figures 3A,B](#F3){ref-type="fig"}). It took several hours after a change in water source before this agreement was reached because it took several hours for the label to reach the borehole. The yellow bars in [Figure 3](#F3){ref-type="fig"} show the time elapsed between the change in source water and the time when the change in label intensity reached its midpoint. We use that time as an estimate of the average arrival time for the label. Only the first cycle was used because it was entirely during the light period, meaning that transpiration continued throughout this period. We estimate that the decline required 4:55 h for δ^18^O and 5:21 for δ^2^H to reach this inflection point.

![**(A,B**) Measured isotopic composition of water vapor exiting the borehole (red) and water vapor composition predicted from source water, i.e., source water isotopic composition plus equilibrium fractionation (blue). The yellow bar shows the lag between the change in source water and the mean arrival time in the borehole. Panels show time courses for **(A)** δ^18^O and **(B)** δ^2^H.](fpls-11-00358-g0003){#F3}

There was evidence of condensation in the early morning during this first experiment ([Figure 3](#F3){ref-type="fig"}). We therefore disconnected the lines each morning and attached a Drierite column to the borehole inlet. We then pumped dehumidified air through the tubing until the water vapor concentration fell to nearly zero. This dry-down was accompanied by a typical Rayleigh distillation curve as the residual water evaporated (not shown).

Whole-Root Greenhouse Experiment
--------------------------------

Our second experiment tested the method using trees with intact root systems. During this experiment, ambient air *T* and *RH* averaged 17.3 ± 1.7°C and 46 ± 6% and featured a pronounced diurnal course corresponding to the prevalent light cycle ([Figure 4A](#F4){ref-type="fig"}). The variation was large because these diurnal curves represent diurnal patterns over 6 weeks in an indoor hangar not designed to maintain constant conditions. T measured inside the borehole was on average 16.8 ± 1.3°C and therefore 0.5°C lower than the ambient air. Sap flow had a mean velocity of 0.97 ± 0.39 cm h^−1^ and it showed a distinct daytime increase. Mean values with standard deviations over the diurnal course are displayed in [Figure 4B](#F4){ref-type="fig"}.

![**(A,B)** Diurnal variations of **(A)** ambient temperature (T) and relative humidity (RH), as well as **(B)** sap flow velocity averaged over the six-week course of the experiment.](fpls-11-00358-g0004){#F4}

We used the model to estimate time constants for the borehole geometries, which are presented in [Table 1](#T1){ref-type="table"}. The much higher values of *t*~*u*~ compared to those of *t*~*d*~ or *t*~*s*~ again suggest that the air was inside the borehole long enough for the diffusion and evaporation to cause the water vapor in the borehole to approach equilibrium.

###### 

Tree and borehole characteristics, as well as time constants for air flow and diffusion.

  **Borehole**   **Height**   **Tree diameter**   ***t~***d***~***   ***t~***u***~***   ***t~***w***~***
  -------------- ------------ ------------------- ------------------ ------------------ ------------------
  Top            65 cm        8 cm                0.24 s             1.77 s             0.46 s
  Bottom         15 cm        9.9 cm              0.24 s             2.33 s             0.47 s

*t~d~ is the time constant for diffusion across the unstirred layer at the edge of the borehole, t~u~ is the time constant for passage through the stem, and t~w~ is the time constant to reach water vapor saturation. These values suggest that the air passing through the borehole had adequate time to approach isotopic equilibrium*.

For this second experiment, we again compared measured isotopic composition to predictions based on source water values. We present the time courses of liquid xylem water isotopic composition in relation to the trees\' source water in [Figure 5](#F5){ref-type="fig"}. From these data, we calculated mean deviations of the *in situ* liquid xylem water measured from that of source water during periods that showed stable isotope values for δ^2^H. The measurements before 22 November represent natural abundance, those after 3 December 2018 show the effect of the label. A negative deviation signifies that *in situ* isotopic composition was more negative compared to source water. For the bottom borehole, the deviations were nearly zero. This means that the derived xylem water isotopic composition agreed with the source water values according to the model assumption 3.1 for both natural abundance (δ^18^O = −0.1 ± 0.6 (SD) %0, δ^2^H = 1.8 ± 2.3 %0) and the label phase (δ^18^O = −0.25 ± 0.22 %0, δ^2^H = 0.09 ± 7.8 %0). In contrast, the top borehole showed systematic deviations from source water values for both δ^18^O and δ^2^H. δ^18^O xylem values were depleted in ^18^O in relation to source water by −2.8 ± 1.5 %0 and −3.9 ± 0.3 %0 for the natural abundance and label phase, respectively. The δ^2^H xylem values were more similar in ^2^H to source water, differing by only 5.3 ± 3.0 and 1.9 ± 8.5 %0.

![Time course of liquid xylem water isotopic compositions derived *in situ* from measured vapor phase values for the top and bottom borehole in relation to the tree\'s source water.](fpls-11-00358-g0005){#F5}

In both boreholes δ^2^H increased in a similar pattern from initial source water values (natural abundance) to the labeled water value after the change in source water on 21 November. However, in the top borehole the increase was delayed and less steep. We compared the lags in arrival of the label to measured sap flow velocities. The velocity estimated by the sap flow probes was 0.97 ± 0.4 cm hr^−1^. If we estimate time to the midpoint in the δ^2^H increase over time, which provides an estimate of the average uptake velocity, we find it after 70 h at the lower borehole and 124 h at the upper one. The lag time between the two was thus 54 h, yielding 1.08 cm hr^−1^ on average. When compared to the mean sap flow velocity, the agreement is very good.

Although the model predicted that the borehole water vapor should be at saturation, we wished to confirm that the borehole air had reached water vapor saturation by the time it left the borehole. This was important because it might influence whether the water vapor had approached isotopic equilibrium. We therefore calculated relative humidity corrected to borehole temperature for every measurement (see Material and Methods section). On average relative humidity was 98 ± 2% for the bottom borehole and 88 ± 3% for the top borehole.

Modeling
--------

We used the model to test the feasibility and limits of the borehole method. We first estimated the time constants for diffusion of water vapor to and from the borehole wall, and for the flowing airstream in the center of the borehole. If the diffusion were much faster than the passage through the borehole, it would be reasonable to assume that the isotopic composition of the water vapor in the borehole reflects that of the xylem water on the walls. We began by assuming the size of the borehole (10 mm), the flow rate (40 mL min^−1^, the flow rate induced by the vacuum pump) and temperature (10°C), we found that the throughflow time (*t*~*u*~) was 5.9 s. The time for diffusion (*t*~*d*~) was 0.28 s, more than 20 times faster. This result supported the notion that the borehole water vapor could come almost to equilibrium with the xylem water during its passage through the stem.

The model describes the relative humidity in the borehole both at steady-state and non-steady state conditions (Equations 6--10). Using the parameter values above, and adding an inflow relative humidity of 50%, we estimated that relative humidity would reach 99% after thrice the time constant (*t*~*w*~ = 0.24 s) inside the borehole. Not surprisingly, *t*~*w*~ is almost the same as the *t*~*d*~ estimate above.

The model solves for the isotopic composition of water vapor in the airstream leaving the borehole when the water vapor was passed from one segment in the stem to the next. We assumed the xylem water had an isotopic composition of −15 %0 and that the incoming water vapor was −20 %0. The rapid increase in humidity described above is accompanied by diffusion to and from the walls of any water vapor in the laminar airstream. These vapor fluxes are small in comparison to the liquid water pool in the xylem, but they determine the isotopic composition of the thin rind of water that exchanges.

Recall that the model compared three opposing ideas about how this rind should behave. First (model assumption 3.1), we assumed that it would simply mix into the much larger volume of xylem water that surrounds it. Next (model assumption 3.2), we assumed that the thin rind would enrich with time, reaching a steady-state isotopic composition given by the Craig-Gordon equation. Finally (model assumption 3.3), we assumed enrichment of the thin rind to the Craig-Gordon value but also a constant recharge of new xylem water into the rind. We found that the mixing rate needed to equal or exceed 35% of Craig-Gordon rind water with the remainder as unenriched xylem water. We used this value for our assessments of assumption 3.3 in all the work that follows.

The different assumptions are compared to model results in [Figures 6A--D](#F6){ref-type="fig"}. When model assumption 3.1 (equilibrium with xylem water) was thus parameterized, the resulting value was −25.6 %0; this compares well with the equilibrium value of −25.7 %0. If the flow rate is defined by the CRDAS pump (40 mL/min, or 0.000028 mol s^−1^, at the far left of [Figure 6A](#F6){ref-type="fig"}), then the steady-state with mixing water isotopic compositions was similar to the equilibrium value. Even if the flow were increased by ten-fold, the resulting steady-state prediction would still agree reasonably well. The Craig-Gordon steady-state value (model assumption 3.2) was quite different, but varied little, across the range of flow rates.

![**(A--D)** Modeled δ^18^O of borehole xylem water. The figures show responses to variation in **(A)** flow rate through the stem, **(B)** stem diameter, and therefore wetted length of the borehole, **(C)** incoming water vapor concentration, and **(D)** fractional mixing of unenriched xylem water with borehole surface water in Craig-Gordon steady state. The four curves in each panel show the liquid stem water (blue solid line), water vapor in equilibrium with stem water (green solid line, model assumption 3.1), borehole surface water in Craig-Gordon steady-state (black dashed line, model assumption 3.2), and constant renewal of 35% of enriched borehole surface water with unenriched xylem water (red dashed line, model assumption 3.3).](fpls-11-00358-g0006){#F6}

As tree diameter increased, the model predicted that water vapor concentration approaches saturation and the δ^18^O of water vapor approaches equilibrium with the xylem water. Already at diameter 0.05 m, the steady-state with mixing agrees with the equilibrium with xylem water ([Figure 6B](#F6){ref-type="fig"}). Again, model assumption 3.2 (Craig-Gordon steady state) is nearly constant, but quite different from the other two assumptions.

We also used the model to test the influence of the relative humidity of the air entering the borehole ([Figure 6C](#F6){ref-type="fig"}). The Craig-Gordon model (assumption 3.2) was the only one that predicted a difference in the isotopic composition of the vapor, decreasing the predicted δ^18^O linearly as the inlet humidity increased.

As noted above, model case 3.3 allowed for mixing of the unenriched xylem water with the evaporating water at borehole surface, where the latter was described by the Craig-Gordon equation. The x-axis in [Figure 6D](#F6){ref-type="fig"} is a proportional mixing rate between the xylem water and the evaporating water. In the absence of mixing, the Craig-Gordon steady state (assumption 3.2) applies. But as the mixing rate increased, the water vapor from the mixing assumption (3.3) approached equilibrium with the unenriched xylem water (assumption 3.1). As noted above, in our modeling we used a value of 0.35. This was the lowest rate that yielded a value consistent with the empirical data, which approached equilibrium with the unenriched xylem water ([Figures 3](#F3){ref-type="fig"}, [5](#F5){ref-type="fig"}). However, any value higher than 0.35 would yield the same result.

Discussion {#s4}
==========

We present the results of two experiments and a modeling exercise that show the isotopic composition of xylem water can be continuously monitored with a borehole through the stem. Under these conditions, the borehole water vapor predicted the isotopic composition of the liquid water in the xylem. This was true of both natural abundance and labeled water sources. Moreover, the label arrived at the boreholes approximately when it was expected. Sap flux in Scots pine (the cut-stem experiment) is reported to occur at about 1 meter per 12-h day (Tor-ngern et al., [@B51]). Because the height of the borehole above the cut end of the stem was 0.40 m, theory suggests that the label should have arrived in 4.8 h. Thus, the prediction was also well matched by the observations. This means that the method was able to detect the shift in xylem water approximately when it was expected to arrive. Sap flow was measured in the intact root experiment and, as noted above, it matched the arrival times very well.

The model shows that the borehole water vapor pool approaches equilibrium with the xylem water under suitable conditions, including the ones we measured. We also show that the method should work up to rather high flow rates, in small stems, and in the presence or absence of incoming water vapor. If there were problems, they would likely be detected as a failure to reach water vapor saturation at stem temperature.

Condensation and Water Scrubbing
--------------------------------

The high relative humidity required by this method leads to practical concerns about condensation in the borehole and in the lines leading to the analyzer. This would create memory effects due to the condensed water, delaying the arrival of the isotopic signal from the xylem to the analyzer. This is one weakness of the borehole technique; condensation must be considered in the sampling design and frequent checks are needed to ensure that the sample lines are dry. However, this has been recognized as a main issue in any online water isotope measurement approach (e.g., Volkmann and Weiler, [@B55]; Gaj et al., [@B19]). We addressed this problem in the Umeå experiment by manually attaching a dry air supply to the lines every morning and evaporating the condensate. In the Freiburg experiment, an automated system provided dry air to the sample lines at intervals, clearing the lines of any condensate that might have formed. In addition, the sample lines were heated (Volkmann et al., [@B54]). The success of these approaches is reflected in the rapid response to changes in the xylem water supply, which matched predictions based on sap flow in both experiments. A second weakness of the approach is the risk of drawing liquid water into the CRDS. A mesh or filter can be used to protect against this. Ideally, the mesh would be small enough to block flow in the tube, stopping the water at the filter ([Figure 2](#F2){ref-type="fig"}).

It may seem obvious that scrubbing the water out of the inlet air should improve the data. There would then be no need to make assumptions about the mixing of incoming water vapor and evaporated xylem water mixing. Any water in the exiting airstream would necessarily have come from the xylem, especially in the presence of positive pressure (Volkmann et al., [@B54]). The disadvantage is that the scrubbing of water vapor requires the replacement of chemical traps, or power to run a drying tower. Our model case 3.3 suggests that such precautions are unnecessary given the apparent mixing with xylem water ([Figure 6C](#F6){ref-type="fig"}). The model results are confirmed by the match to empirical data even in the absence of water scrubbing ([Figure 3](#F3){ref-type="fig"}).

δ^18^O Discrepancies
--------------------

Data from the Freiburg experiment showed an offset of up to 4 %0 in δ^18^O (for the time after the labeling pulse) relative to source water values in one of the boreholes. Interestingly, the borehole was more depleted than the source water, almost the same offset as found by Volkmann et al. ([@B54]) in their equilibration probe experiments. No such discrepancy was observed in the Sweden data. The discrepancy observed in the Freiburg experiment can likely be attributed to non-equilibrium conditions caused by the shorter exchange path (smaller stem diameter) and was only observed in the upper of the two boreholes. Volkmann et al. ([@B54]) speculated that their discrepancy was due to organic contamination of the water vapor, which interferes with the wavelengths used to determine the isotopic composition. They suggested that these interferents can be accounted for in post-processing. In the presented experiments, we did not find a major influence of contamination by organic compounds; otherwise source and measured isotopic compositions would not have matched (see West et al., [@B58], [@B59]). We argue here that the Volkmann et al. ([@B54]) offset might be due to non-equilibrium conditions as well.

One other possible explanation for the δ^18^O discrepancy in the intact-root experiment, but not the cut-stem experiment, is that the roots fractionate against ^18^O during water uptake. Such fractionation was detected in mangroves (Lin and Sternberg, [@B29]) and a range of woody xerophytes (Ellsworth and Williams, [@B15]), but it was detected for δ^2^H and not δ^18^O. This is opposite the pattern we observed, where the discrepancy was in δ^18^O, not δ^2^H. We therefore think that fractionation upon root uptake is not responsible for the observed discrepancy.

Location of Equilibration
-------------------------

What is the actual surface area equilibrated? The model ([Figure 6B](#F6){ref-type="fig"}) assumes that the entire surface area of the borehole is available for equilibration. However, a core of heartwood at the center of a tree stem is often dry. If it is dry, its thickness should be removed from the calculated area. This may be a significant loss in some stems, e.g., oak trees. If it is not dry, as when the heartwood is partially decayed, its isotopic composition may be different from the sapwood. In fact, such differences have seldom been observed when the heartwood has been checked. However, if the heartwood signal were different, it might carry through into the outlet airstream, especially if the sapwood is thin (Turner et al., [@B52]).

This leads to the question of which part of the stem actually controls the final isotopic composition. Given the rapid equilibration and slow airflow in our experiment, it would seem that the final composition would be determined in the last few cm before the airstream is carried out of the tree. We used the pipe-fitting threads on Swagelok fitting to attach tubing to the boreholes. These fittings were turned approximately two cm into the tree. The outer portion was bark, which should be excluded from the xylem equilibration. However, the inner portion entered the sapwood and blocked contact between the borehole airspace and the outermost sapwood. This would also reduce the borehole surface area and might, if the sapwood were narrow, prevent equilibration. Sapwood thickness varies greatly amongst species (Marshall and Waring, [@B31]; Turner et al., [@B52]; Quiñonez-Piñón and Valeo, [@B44]), but it was thick in our pines---nearly to the center (as also observed by Tor-ngern et al., [@B51]). The good match of source to measured water isotopic composition suggests that in the present case this was not an issue. Furthermore, the model predicts that equilibration occurs even over distances as short as 0.05 m ([Figure 6B](#F6){ref-type="fig"}). On the other hand, the data from the upper borehole in the Freiburg experiments recommend caution when using stems less than 10 cm in diameter if the flow rate is 80 mL min^−1^ or more. In summary, the design of a stem borehole study needs to consider sapwood thickness depending on the species-of-interest and its growing conditions.

Pitch and Cavitation
--------------------

The borehole creates a significant wound in the stem, especially if it is as large as the ones we used (6 and 10 mm diameter in Umeå and Freiburg, respectively). The model suggests that the diameter has no effect on the equilibration, but pines tend to produce pitch around wounds in the stem, which might close the hole. Before data collection, we washed the boreholes repeatedly with acetone hoping that it would remove the pitch and kill the cells that would otherwise produce more. This appeared to keep the boreholes open, but there was still some pitch appearing on the borehole walls. We presume that these wall deposits might further decrease the effective area available for equilibration. This problem should be reduced in most other genera of trees in comparison to the chosen pines because this species is known to produce large amounts of pitch. One might ask if the combination of boring and acetone will not damage the tree. It must have some effect, but there has been no sign of damage in the growth or gas-exchange of five 30-cm diameter Scots pine trees treated similarly in 2014.

Another concern is the extent of cavitation in xylem cells near the borehole wall. Because the xylem functions under tension, cavitation must occur at least in the cells that were cut by the drill, and probably several cells deeper (Pfautsch, [@B40]; Wiedemann et al., [@B61]). In addition, there is a compartment formed around the wound, primarily to prevent microbial invasion (Morris et al., [@B34]). Constant evaporation in the borehole could dry up its surface if cavitation or compartmentation blocked the supply of water from the cavitated xylem vessels or tracheids. We could not detect any trend in the relative humidity within the borehole that would have indicated drying of the borehole. It is possible that even if the cell lumens are cavitated, water continued to diffuse through the cell walls toward the borehole wall. Continued wetting of the borehole surface was the reasoning behind model assumption 3.3, where borehole surface water tends toward isotopic equilibrium with xylem water because it is constantly renewed and mixed with the water evaporating at Craig-Gordon steady state. However, it seems that the wounding and its repair should eventually lead to isolation of the borehole water supply from the flowing xylem water, limiting how long a borehole can be used. We saw no evidence that we approached this limit in our experiments.

Model Assumptions
-----------------

The model was written such that it made three different assumptions about the evaporating water at the surface of the borehole. Model assumption 3.1 stated that the water vapor would equilibrate isotopically with xylem water in each segment of the borehole, and then be passed inward to equilibrate over the next segment, until the airstream left the borehole. This was based on the presumption that the xylem water pool is so much bigger than the borehole vapor pool that it would overwhelm the vapor signal on its passage through the stem. Note that this formulation contradicts the Craig-Gordon model (3.2) however, because the latter simply mixes water derived from the incoming water vapor with xylem water, disallowing any change in the borehole water vapor as it passes from one segment to the next. In contrast, model assumption 3.3 supposed that there is some mixing of the evaporating water at the borehole surface with the unenriched xylem water nearby. The mixing was set at different rates, from 0 to 1 per time step, and the model was then run as normal. This model drove the isotopic composition of the borehole vapor rapidly to equilibrium with the unenriched xylem sap if at least 35% of the borehole surface water was replaced by unenriched xylem water ([Figure 6D](#F6){ref-type="fig"}). This could happen, for example, if 35% of the borehole was exposed to unenriched xylem water and the remainder was at Craig-Gordon steady state. We think it is likely that the mixing occurred due to diffusion toward and away from the evaporation/condensation sites, especially after the borehole humidity had reached saturation.

Continuous measurements of the isotopic composition of xylem sap describe an important middle ground between soil and leaves. Both surface soils and leaves undergo rapid fluctuations in isotopic composition. It is possible to predict their influence on transpiration, but it is difficult. Soils vary due to precipitation events and subsequent evaporation from the surface (Dubbert et al., [@B12]). Transpiration varies over the course of a day as the leaf water pools are enriched and then depleted by exchange with the atmosphere (Dubbert et al., [@B13]). The isotopic composition of xylem sap changes more slowly. It provides a direct integrated measure of the isotopic composition of water uptake from all potential water sources (Brinkmann et al., [@B7], but see, e.g., Vargas et al., [@B53]). A continuous monitoring of xylem water isotopes might therefore enable to directly detect changes in water sourcing (e.g. during droughts), identify groundwater use of vegetation (compare Beyer et al., [@B4]) or investigate hydraulic redistribution. Likewise, the rapid diurnal fluctuations in the isotopic composition of transpired water necessarily converge, when integrated over a day, on the isotopic composition of the water flowing up the xylem (Dubbert et al., [@B13]). Thus, many of the complexities of leaf transpiration disappear in the xylem-sap data. What remains is the isotopic composition of the daily sum of root water uptake and hence transpiration.

Note that the model is based on a simple description of flow in the borehole, where a central core of moving air flows through a volume of still air. Within the still volume, water vapor diffuses to and from the borehole wall to and from the moving airstream. The model could be made more realistic and experimental tests of the flow conditions in the borehole could be conducted. We argue that the model is sufficient for the current purpose. That argument is supported by the agreement of the modeled and measured data.

Conclusions {#s5}
===========

This study proves the potential utility of the stem borehole equilibration. The model leads us to suggest that the physics should be general, but it will of course be necessary to test the method in other species and other conditions. For example, angiosperm species with ring-porous wood, such as oak, might behave differently than the tracheid-bearing wood of pines. Comparisons to angiosperm species with and without tyloses and with varying hydraulic conductance would also be useful. The method appears to be accurate enough to measure the passage of small changes in natural abundance through the stems, for example after a precipitation event. In addition, we note that we were able to follow the passage of an isotopic label through tree stems. This might provide useful checks of *in situ* sap flow rates and a means of observing spatial patterns of water uptake in trees. *In situ* isotope methods offer an immense potential for describing and understanding the dynamic character of natural systems, which has been recognized by the scientific community as an urgent issue (e.g., Sprenger et al., [@B50]; Brantley et al., [@B6]; Penna et al., [@B39]). Combined data sets of depth-dependent soil water isotopes and xylem (transpiration) water isotopes will improve our understanding of ecosystems under changing environmental conditions and address several of the current shortcomings of traditional methods.
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